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ABSTRACT

Photocatalytic CO, conversion driven by solar energy offers a sustainable pathway for carbon neutrality, but remains limited by
inefficient charge dynamics and poor spectral utilization. However, copper chalcogenides exhibit dual UV-vis absorption and near-
infrared (NIR) plasmonic resonance suffer from rapid electron-hole recombination and insufficient catalytic activity. This study
introduces nested metallic-semiconductor Cu-based heterostructures (Cu/CuSe) synthesized through dissolution-reduction to
address these limitations. The engineered architecture incorporates metallic Cu clusters and selenium vacancies within CuSe
nanosheets, which collectively broaden NIR absorption through defect-induced gap states for enhanced photothermal activation. This
approach promotes directional electron transfer to Cu clusters, which suppress electron-hole recombination and serve as catalytically
active sites. Additionally, seamless coupling between the components lowers interfacial energy losses. Density functional theory
calculations reveal that Cu clusters effectively reduce CO, activation barriers by stabilizing critical reaction intermediates. The
heterostructures achieve a threefold increase in CO yield (27.06 umol g~* h™") under full-spectrum irradiation compared to pristine
CuSe, with a 90% selectivity without sacrificial agents. The photothermal-photocatalytic synergy harnesses a cascade energy con-
version pathway, outperforming conventional plasmonic semiconductor systems. This work establishes a defect-engineering strategy
to enhance infrared energy harvesting and charge management in broadband-responsive photocatalysts.

1 | Introduction developed to address these challenges, such as tuning the energy

band configuration of semiconductor photocatalysts to ensure

Photocatalytic CO, reduction driven by renewable sunlight is a
highly sought-after strategy among feasible pathways for green
fuel production. [1-5] However, the CO, reduction process is
bound by sluggish kinetics owing to the inherent chemical
inertness of C=0 bond and the complexity of multiple proton-
coupled electron transfer steps. Consequently, the energetic
photogenerated charge carrier is of paramount importance to
activate CO, molecules and trigger the reaction progression by
overcoming these barriers. [6-10] A variety of strategies of the
design of effective CO, reduction photocatalysts have been

sufficient redox potential from photoexcited electrons and holes,
[11-14] and geometric engineering of plasmonic photocatalysts
for intensive localized surface plasmon resonance (LSPR) to
achieve copious hot electrons with favorable energy potential.
[15-18] Furthermore, hybrid systems enhanced by coupling
plasmonic noble metals with semiconductors have been pro-
posed to synergistically utilize a broader UV-visible (UV-vis)
spectrum. [19-23] Various combinations of metals and semi-
conductors can produce distinct optical responses and generate
hot electrons, which either cross the Schottky barrier at the
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semiconductor-metal interface to directly participate in the re-
action or supply thermal energy to the surrounding. [24-26]
However, inefficient hot charge carrier transfer and minimal
infrared (IR) light absorption still limit the overall solar energy
conversion efficiency [27].

Plasmonic semiconductors, for example, copper chalcogenides
(CuSe, Cu,.,Se, Cus, etc.) uniquely present Schottky barrier-free
hybrids owing to their exquisite electronic structures and opti-
cal properties that can produce photo-generated electron-hole
pairs under UV-vis light irradiation while simultaneously
exhibit LSPR property in the NIR region. [28-31] Although this
broad-spectrum absorption is highly conducive to superior solar
energy conversion, it does not necessarily translate into strong
CO, reduction capabilities. One key limitation is the rapid
electron-hole recombination, poor charge migration capability
and feeble charge carriers dynamics associated to their narrow
band gaps. [32, 33] Besides, the limited LSPR excitation at longer
plasmonic resonance wavelength leads to low concentrations of
hot charge carriers with insufficient energy potential, which are
inadequate for directly catalyzing the transformation of adsorbed
molecules. [34] Instead, the plasmonic excitation primarily con-
tributes to photothermal heating, lowering activation energy and
accelerating the photocatalytic process. To address these issues, it
is crucial to expand the IR absorption of copper chalcogenides for
enhanced photothermal effect, promote efficient separation and
transfer of photoexcited electron-hole pairs, and introduce highly
active sites for CO, reduction.

Herein, we propose a nested Cu-based heterostructure, Cu/CuSe,
synthesized through a dissolution and partial re-reduction that
simultaneously create in-plane metallic Cu clusters and Se va-
cancies that are embedded within CuSe nanosheets. The nested
Cu cluster network in Cu/CuSe nanosheets is tailored to effi-
ciently extend photothermal conversion beyond the innate plas-
monic properties through defects-induced disorder and new gap
states arising from anion site vacancies (Figure 1). These va-
cancies broaden photon absorption, whereas the laterally
embedded metallic Cu clusters capture photoelectrons to sup-
press rapid electron-hole recombination and act as key catalytic
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centers for CO, reduction, as validated by density functional
theory (DFT) calculations and experimental characterization.
Besides, the seamless coupling of Cu, CuSe, and Se vacancies
built-in within the nanosheet matrix shortens the charge carrier
transport length and lowers interfacial energy losses. Conse-
quently, the Cu/CuSe heterostructures reveals enhanced activity
and selectivity toward photocatalytic CO, reduction under
UV-vis irradiation compared to pure plasmonic CuSe. A nearly
threefold increase in CO yield rate is achieved upon photothermal
activation, triggering photo-redox conversion of CO, under full
solar spectrum without the use of sacrificial agents and photo-
sensitizers. This work demonstrates a facile approach to expand
infrared light-responsiveness in plasmonic semiconductors, of-
fering a promising route to facilitate high-efficiency sustainable
photocatalytic reactions.

2 | Results and Discussion

Pristine CuSe nanosheets were prepared using a co-precipitation
method. Subsequently, partial dissolution of anions and local-
ized re-reduction under ultrasonic treatment gradually gener-
ated Se vacancies and in-plane metallic Cu clusters to form Cu/
CuSe upon the re-addition of NaBH, agent, as illustrated in the
schematic diagram (Figure 2a). The scanning electron micro-
scopy (SEM) (Figure 2b), transmission electron microscopy
(TEM) (Figure 2c), selected area electron diffraction (SAED)
images (Supporting Information S1: Figure S1), and X-ray
diffraction (XRD) patterns (Supporting Information S1: Figure
S3) confirm the formation of hexagonal phase CuSe with a
nanosheet morphology. After post-processing, the Cu/CuSe
nanosheets exhibit a slightly rougher surface compared to the
incipient one, with the appearance of distinct nanopores
(Figure 2d). The average sheet thickness of Cu/CuSe was
determined to be approximately 4.1 nm using atomic force mi-
croscopy (AFM) (Figure 2h,i), which is similar to that of pristine
CuSe (Supporting Information S1: Figure S2). Despite the
introduction of defects, the Cu/CuSe preserves the original
sheet-like structure. XRD analysis is further performed to
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FIGURE1 | Schematic drawing of the photothermal-photocatalytic CO, reduction in 2D Plasmonic CuSe featuring a Cu/CuSe Schottky junction

and Se vacancies.
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(a) Schematic diagram of the nested metallic Cu centers in 2D plasmonic CuSe (Cu/CuSe). SEM (b) and TEM (c) image of CuSe. TEM

(d) and HRTEM (e) images of Cu/CusSe. Lattice spacing (f) and SAED image (g) of Cu/CuSe. (h) AFM image and relative thickness (i) along the lines

marked on panel h.

investigate the structural evolution of the sample. A reduction
in the intensity of the (006) peak of Cu/CuSe (Supporting In-
formation S1: Figure S3) indicates microstructural modification.
[34-36] Notably, no diffraction peaks assigned to Cu metal are
detected, which suggests that the metallic Cu exists at low
concentrations and in a dispersed state, which is further verified
by high-resolution TEM (HRTEM) imaging. The HRTEM im-
ages (Figure 2e) of Cu/CuSe, measured interplanar spacings
(Figure 2f), and the corresponding SAED pattern (Figure 2g)
confirm the presence of an additional structural domain with an
interplanar spacing of 0.208 nm, corresponding to the (111)
plane of cubic Cu. [37, 38] The metallic Cu domains are
contiguous with the CuSe matrix, which retains its primary
[001]-oriented hexagonal structure with an interspacing of
0.288 nm and a dihedral angle of 60°, corresponding to the (006)
plane. [39] For comparison, Cu/CuSe samples with varying
degrees of reduction (Cu/CuSe-5, and Cu/CuSe-50) were also
prepared. For Cu/CuSe-5, SEM and TEM analyses revealed a
relatively smooth surface compared to pristine CuSe, whereas
HRTEM observations identified metallic Cu located at the edges
of the CuSe nanosheets (Supporting Information S1: Figure S5).
In contrast, Cu/CuSe-50 exhibited prominent diffraction peaks
corresponding to elemental Se in XRD patterns (Supporting
Information S1: Figure S4). TEM characterization revealed
abundant surface particles on CuSe, with HRTEM confirming
the coexistence of metallic Cu and Se within these particles
(Supporting Information S1: Figure S6). Based on these

structural variations, it was deduced that Cu/CuSe-5 was
insufficiently reduced, whereas Cu/CuSe-50 displayed excessive
reduction. Consequently, both samples were excluded from
further optical property testing and photocatalytic CO, reduc-
tion performance evaluation.

X-ray photoelectron spectroscopy (XPS), and electron para-
magnetic resonance (EPR) were then performed to gain deeper
insight into the chemical composition, Se vacancy-defect nature,
and surface electronic structure. As shown in Figure 3a, the high-
resolution XPS spectra of Cu in CuSe are deconvoluted into two
characteristics peaks at binding energies of 951.8 and 931.9 eV,
corresponding to Cu 2p;;, and Cu 2p;;, of Cu-Se bonding,
respectively. By comparison, the Cu/CuSe sample displays two
additional peaks at 933.1 and 953.6 eV, assigned to Cu-Cu
bonding, and peaks at 934.5 and 955.5 eV, attributed to Cu-O.
[40-43] These observations indicate the partial reduction of Cu*"
in CuSe to metallic Cu, which agrees with the HRTEM results.
Two fitted peaks located at around 54.7 and 53.8 eV can be
attributed to Se 3ds/, and Se 3ds/, of Se* for Cu/CuSe (Figure 3b).
[44] Notably, these peaks are slightly shifted to lower binding
energies than those of pristine CuSe (54.8 and 53.9 eV, respec-
tively). This shift in Cu/CuSe implies a lower coordination envi-
ronment of Se atoms and the existence of Se vacancies. This
inference is also validated by ESR (Figure 3c), where a stronger
EPR signal with a calculated g value of 2.02 can be attributed to Se
vacancies-induced trapping of unpaired electrons [45].
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FIGURE 3 | High-resolution XPS spectra of Cu 2p (a) and Se 3d (b) for Cu/CuSe and CusSe. (c) EPR of Cu/CuSe and CuSe. Normalized XANES
spectra (d) and EXFAS curves (e) of the Cu K-edge for Cu/CuSe and CuSe. (f) WT for the FT k*>-weighted x(k)-function of Cu/CuSe and reference
samples at the Cu K-edges. Normalized XANES spectra (g) and EXFAS curves (h) of the Se K-edge for Cu/CuSe and CuSe. (i) WT for the FT k*-
weighted x(k)-function of Cu/CuSe and reference samples at the Se K-edges.

Synchrotron-based X-ray absorption spectroscopy (XAS) was
further employed to investigate the electronic structure and
atomic coordination environment of Cu and Se species. The Cu
K-edge X-ray absorption near-edge structure (XANES) spectra
reveal a pronounced shift of the absorption edge toward lower
energy in Cu/CuSe compared to CuSe (Figure 3d), indicating
that the introduction of heterojunctions and Se vacancies in-
duces charge redistribution at the Cu atomic interface, leading
to a reduced oxidation state of Cu. Fourier transform extended
X-ray absorption fine structure (FT-EXAFS) analysis at the Cu
K-edge demonstrates that the dominant peak of CuSe at 2.02 A
corresponds to the first coordination shell of Cu-Se (Figure 3e).
In contrast, Cu/CuSe displays a primary peak at 2.09 A, inter-
mediate between the bond lengths of Cu-Se (2.02 A) and Cu-Cu
(2.18 A), confirming the coexistence of both bonding configu-
rations. Our combined XPS and XAS analyses provide robust
and complementary evidence for the presence of Cu® species in
the Cu/CuSe heterostructure. Quantitative EXAFS curve-fitting
results further indicate that the coordination environment of Cu
in Cu/CuSe comprises both Cu-Cu and Cu-Se scattering paths
(Supporting Information S1: Figure S7), whereas CuSe exhibits
only the characteristic Cu-Se coordination. Furthermore, the
reduced peak intensity in the R-space for the first coordination

shell of Cu/CuSe compared to CuSe reflects increased atomic
disorder, which further suggests a reduced number of Se-
coordinating atoms. The combination of elemental analysis
and EPR results substantiates the presence of Se vacancies in
the Cu/CuSe structure. Wavelet transform (WT) EXAFS contour
plots display a maximum intensity for Cu-Se bonds in CuSe at
k = 8.5 A~!, whereas Cu/CuSe exhibits a pronounced intensity
shift toward the Cu-Cu bonding region (Figure 3f). These
findings collectively demonstrate that the local coordination
environment and electronic configuration of Cu atoms in Cu/
CuSe are synergistically modulated by Se vacancies and the
dense heterointerface.

Se K-edge XANES analysis demonstrates that the absorption
threshold energy of Cu/CuSe lies between those of Se foil and
CuSe (Figure 3g), confirming a significantly higher valence state
of Se in Cu/CuSe compared to CuSe. Se K-edge FT-EXAFS
spectra at the Se K-edge reveal a dominant peak at 2.02 A in Cu/
CuSe (Figure 3h), corresponding to the first coordination shell
of Se-Cu bonds. Notably, no characteristic peak associated with
Se-Se bonds (typically at 2.12 A) is detected, consistent with the
coordination pattern observed in CuSe. Quantitative EXAFS
fitting analysis further indicates that the coordination number
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(CN = 2.6) of Se in Cu/CuSe is markedly lower than that in
CuSe (CN = 3.2), directly confirming the presence of selenium
vacancy defects in the basal plane of Cu/CuSe nanosheets
(Supporting Information S1: Figure S8 and Table S1). WT-
EXAFS contour plots exhibit a maximum intensity peak at
k ~ 7.8 A~! for Cu-Se bonds in Cu/CuSe (Figure 3i), whereas no
Se-Se coordination signal is observed. These findings collectively
demonstrate that the synergistic interplay between Se vacancies
and Cu-Se interactions in Cu/CuSe effectively modulates the
local electronic structure and coordination environment of Cu
atoms, thereby regulating defect-induced interfacial charge dy-
namics and enhancing catalytic performance in hetero-
structured catalysts.

The modified band structure and light capturing properties of
Cu/CuSe, influenced by Se vacancies and metallic Cu, were
evaluated using ultraviolet-visible diffuse reflectance spectra
(UV-vis DRS) (Figure 4a). In the visible light region, a red shift
in the absorption edge from ~579 nm of CuSe to 600 nm is
observed for the Cu/CuSe sample. This corresponds to a slight
narrowing of the bandgap from 2.17 eV (CuSe) to 2.07 eV (Cu/
CuSe), as calculated using the Kubelka-Munk approach. The
subtle change in bandgap indicates an insignificant influence of
the reduction on the CuSe crystal phase in Cu/CuSe in com-
parison with pristine CuSe. Thus, the photoredox energy

potential of CuSe is well preserved in Cu/CuSe. Strikingly, Cu/
CuSe shows strong visible-NIR light absorption beyond the
original plasmonic resonance wavelength of ~940 nm, mani-
festing an extended light harvesting ability. This extension is
primarily attributed to the altered localized surface electronic
structure, which induces plasmonic resonances at diverse
wavelengths. Meanwhile, the formation of internal defect states
associated with Se vacancies introduce new energy levels,
contributing to extra light absorption. Collectively, these effects
facilitate an enhanced solar energy utilization-assisted
photochemical-photothermal synergy.

To assess the photochemical properties, the conduction bands
(CB) were characterized using Mott-Schottky plots at different
frequencies. As presented in Supporting Information S1: Figure
S9, n-type semiconductor characteristics of both Cu/CuSe and
CuSe can be confirmed by the negative slopes and X-intercepts.
The CBs positions were measured to be —0.62 and —0.60 eV for
Cu/CuSe and CuSe, respectively, confirming that the negative
potential of photoexcited electrons is retained in Cu/CuSe. In
parallel with the optical analysis, the potential energies of the
valence band (VB) are summarized in a schematic diagram
(Figure 4b). Theoretically, the potentials of CBs and VBs are
sufficiently energetic to drive CO, reduction and water oxi-
dization simultaneously. Subsequently, steady-state room-
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FIGURE 4 | UV-vis-NIR absorption spectra (a), schematic of the potential energy diagram (b), fluorescence spectra (c), Nyquist plots (d) of Cu/

CuSe and CuSe. (e) Photothermal temperature of glass fiber membrane (GFM), Cu/CuSe and CuSe under visible light and full spectrum. (f) FLIR

images of Cu/CuSe photocatalytic membrane and pure GFM.
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temperature fluorescence (FL) spectrum and photo/electro-
chemical (PE) characterizations were performed to investigate
photoexcited electron-hole pairs and separation-transfer effi-
ciency. In the FL spectra (Figure 4c), Cu/CuSe exhibits a broad
emission peak around 825 nm, accompanied by a slight shift
from the band gap emission and an observable decrease in FL
intensity compared to the pristine CuSe. This unambiguously
demonstrates that metallic Cu and interband states introduced
by Se vacancies accelerate the separation of photoexcited
electron-hole pairs and dramatically reduce charge recombi-
nation. Regarding PE performance, the transient photocurrent
responses under simulated solar irradiation are determined to
be 0.26 and 0.15 uA/cm™ for Cu/CuSe and CuSe, respectively
(Supporting Information S1: Figure S10). Additionally, elec-
trochemical impedance spectroscopy (EIS) analysis of Cu/CuSe
shows a smaller semicircle radius than that of CuSe
(Figure 4d), suggesting lower interfacial charge transfer resis-
tance. The contrasting higher photocurrent density and lower
charge-transfer resistance of Cu/CuSe reaffirm the crucial role
of metallic Cu and Se vacancies toward suppressed
electron-hole recombination and augmented charge transport
kinetics.

To evaluate the photothermal conversion performance, the
temperature profiles and infrared images of Cu/CuSe and CuSe
were recorded wunder simulated one sun irradiation
(100 mW cm™?). As shown in Figure 4e,f and Supporting In-
formation S1: Figure S11, the temperature of Cu/CuSe rapidly
rises from 22°C to 89.1°C in 10 min, which is notably higher
than that of CuSe (82.1°C). To a large extent, this is due to the
enhanced NIR photo-to-thermal conversion (for wavelength
exceeding 940 nm) (Supporting Information S1: Figure S12) of
Cu/CuSe, taking into consideration the similar morphological
structure-induced reflection of incident light by both samples.

The performance of photocatalytic CO, reduction is investi-
gated to validate its concerted photochemical-photothermal
mechanism. Measurements were conducted in a gas-solid
reactor under simulated one sun irradiation without any
sacrificial reagents or photosensitizers. Water vapor provides a
proton source and participates in the complementary oxidation
reaction. Ni(OH), (Supporting Information S1: Figures S13-15)
was incorporated with Cu/CuSe as a co-catalyst to facilitate the
water oxidation half-reaction. Specifically, it acts as a hole
acceptor, promoting the separation of photogenerated charge
carriers and providing protons for the reduction reaction. [46]
This synergy leads to an enhanced overall photocatalytic effi-
ciency, as verified by the optimal performance at a 1:1 ratio
(Supporting Information S1: Figure S16). Gas chromatography
(GC) and liquid *"H NMR were employed to detect the presence
of gas and liquid products, respectively. As shown in Sup-
porting Information S1: Figure S17, only gaseous products of
CO and H, without liquid products can be detected in the
presence of photocatalysts, CO,, and vapor under light irradi-
ation. In order to further ascertain the reduction of CO, mol-
ecules, *CO, and H,'O isotopic labeling experiments were
performed (Supporting Information S1: Figure S18). The
detection of a peaks at m/z values of 29 (**CO) confirm that
the carbon source of CO originates from the photoreduction of

CO, molecule. Simultaneously, peaks at m/z values of 34
(**0'®0) and 36 (**0,) verify that O, was produced from water
oxidation. Thus, the production rates are linearly dependent on
the reduced CO, molar quantity in the reaction process. As
shown in Figure 5a, Cu/CuSe achieves a CO production rate of
27.06 umol g™ h™', and H, of 3.04 umol g~' h™' under
simulated solar irradiation, higher than that of CuSe (CO
9.42 umol g~* h™%, H, 2.41 umol g~* h™!). Moreover, Cu/CuSe
exhibits enhanced photoactivity under either individual UV or
visible irradiation compared to CuSe (Figure 5b). In view of
almost identical absorption profiles of CuSe and Cu/CuSe in
the UV-vis region and similar CB potentials, the abundance of
active centers for CO, conversion becomes critical for the re-
action rate. The main differences between these materials
pertain to the presence of nested metallic Cu clusters and Se
vacancies in Cu/CuSe. As previously reported, Cu-based cata-
lysts are well known as highly active catalysts for CO, reduc-
tion, where modulation of their oxidation states can further
lower the activation energy and accelerate the reaction under
the same potential.

To investigate the influence of solar-thermal heating on CO,
photoreduction, the production rates of CO and H, under
various selective or combinatorial wavelength were tested. Un-
der monochromatic high-wavelength irradiation, only hydrogen
evolution was observed, with no detectable CO, reduction
product. Specifically, H, generation rates are 1.05 and
1.29 umol g* h™! for the respective wavelength of 850 and
950 nm (Figure 5b). This implies that LSPR hot electrons,
originating from the intrinsic plasmonic semiconductor prop-
erties of CuSe, can induce H, evolution photoactivity but are not
energetic enough to dissociate CO, molecules. Conversely, the
introduction of an additional 850 or 950 nm monochromatic
light to the visible light resulted in simultaneous production of
both CO and H, production. Unlike H, generation, which can
be directly driven by LSPR hot electrons, CO, reduction to CO
mainly benefits from the plasmon-induced photothermal effect.
This heat improves the kinetic energy of photogenerated
electron-hole pairs to accelerate the mobility of charge carriers
and inhibit their recombination. Consequently, enhanced pho-
tocatalytic performance is achieved. [35] As expected, the higher
efficiency of LSPR hot electrons for H, evolution leads to a slight
decrease in selectivity toward CO, reduction products
(Figure 5c). However, a higher proportion of photothermic
heating across the whole NIR region improves the CO selectivity
from 82.27% (vis) to over 90% (full spectrum). Notably, the CO
production rate and selectivity of our Cu/CuSe/Ni(OH), system
are competitive with other advanced photocatalysts reported
recently (Supporting Information S1: Table S3). In addition, Cu/
CuSe demonstrates high photocatalytic recyclability and physi-
cochemical stability over consecutive cycles (Figure 5d).
Collectively, well-preserved morphology, stable crystal struc-
ture, and surface chemical states are evident from the SEM
images, element mapping, and XPS spectra after a long-term
photocatalytic process (Supporting Information S1: Figures
S19 and S20). Notably, although the Se 3d XPS satellite peak
exhibits a slight upward shift in binding energy, likely due to
surface adsorption of reaction intermediates or minor oxidation
under operational conditions, the post-reaction XRD analysis
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FIGURE 5 | Photocatalytic CO,-reduction activity of Cu/CuSe and CuSe under full spectrum (a), and various radiation types (b). (c) CO and H,

product selectivity. (d) Cyclic measurements of CO, photoreduction over Cu/CusSe. (e) In situ DRIFTS spectra for the CO, photocatalytic reduction

process over Cu/CusSe. (f) CO,-TPD spectra of Cu/CuSe and CuSe.

unambiguously shows that the crystalline structure of Cu/CuSe
remains well preserved, affirming the robust stability of the
catalyst (Supporting Information S1: Figure S21).

In situ diffuse reflectance infrared Fourier transformed spec-
troscopy (DRIFTS) measurements were performed to uncover
the CO, reduction process through real-time monitoring of the
reaction intermediates. Prior to the reaction, a background
spectrum was collected under pure Ar flow after purging the
catalyst and was subtracted from all subsequent spectra.
Figure 5e presents FTIR curves recorded over time, where
several distinct peaks corresponding to various intermediate
species progressively emerge upon injecting moist CO, gas flow
and introduction of light illumination. The 0 min spectrum
designates the background collected under the CO, and H,0
vapor atmosphere before illumination. Following this back-
ground measurement, CO, initially adsorbs on the Cu/CuSe
catalyst surface, followed by the appearance of correlative
characteristic peaks associated with reaction intermediates. The
peaks at 1519 and 1725 cm™" are assigned to the symmetric O-C-
O stretches of CO;* and CO,* groups, respectively. The peaks at
1247, 1635, and 1677 cm~! match the vibration frequency of
HCO3, formed upon CO, and H,0O co-adsorption. The peaks at
1605 and 2149 cm™" are ascribed to the stretching vibrations of
COOH* and CO* groups. Significantly, their intensities gradu-
ally increase with prolonged light irradiation, suggesting their
pivotal roles as intermediates for continuous photoreduction of
CO, into CO.

To further probe the CO, adsorption behaviors and identify
possible reduction pathways, CO, temperature-programmed
desorption (TPD) was conducted. The corresponding CO,-TPD

profiles can be divided into two regions: physisorption and
chemisorption (Figure 5f). A broad desorption peak at low-
temperature around 140°C is associated to physical adsorption
CO,, with Cu/CuSe showing greater intensity due to its larger
specific surface area. A moderate desorption peak at approxi-
mately 408.5°C is related to CO, desorption from lattice Se
anions in CuSe, whereas a higher desorption peak at ~468.9°C is
attributed to presence of Se vacancies. Furthermore, a higher-
temperature desorption peak at 587.9°C demonstrates a stron-
ger ability of Cu/CuSe to capture CO,, which can be attributed
to embedded metallic Cu. Consequently, a possible photo-
catalytic CO, reduction pathway is proposed. In brief, CO,
molecules adsorb onto metallic Cu catalytic sites, forming stable
CO,*, whereas H,0O dissociates into hydroxyl and protons. Soon
afterward, injection of photogenerated electrons from CuSe
react with CO,* and surface protons to generate carboxyl
(COOH¥*) radicals, which are further protonated into CO* in-
termediates. The desorption of CO* leads to the release of
gaseous CO from active sites after the CO* desorption. In this
process, photogenerated holes drive the hydroxyl oxidation re-
action, as reflected by GS-MS results (Supporting Information
S1: Figure S18). Additionally, unstable CO,* reacts with hy-
droxyl to form CO;*~ or HCO;™ absorbed on the surface of
photocatalyst, as confirmed by in situ DRIFTS. Taken together,
photothermal heating and the incorporation of metallic Cu
remarkably enhances the efficiency of CO, photoreduction.

The proposed reaction mechanism is confirmed using density
functional (DFT) calculations of CO, reduction reaction on Cu
(111), CuSe(001) slab, as well as CuSe support with embedded
Cu nanoparticles. The latter model comprises a 119-atom Cu
nanoparticle (NP) interfaced with a four-layer p(7 x 7) CuSe
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happen to be very similar on all considered catalysts besides Cu(111).

(001) slab with geometry obtained through systematic scanning
(Supporting Information S1: Figure S22). In this embedded
configuration, the Cu NP partially integrates into the Se-
deficient CuSe surface, mimicking realistic experimental con-
ditions. In particular, this model represents well the electron
transfer between Cu and CuSe (Supporting Information S1:
Table S2), the polarization of electron density at their interface,
as well as the emergence of new electronic states (Supporting
Information S1: Figures S23 and S24).

The free energy profiles of CO, reduction presented in Figure 6
and Supporting Information S1: Figure S25 constructed based
on the analysis of various binding sites on the considered
models (Supporting Information S1: Figure S26) reveal that the
formation of the *COOH intermediate is the most challenging
reaction step in all cases. On Cu(111), the free energy barrier for
*COOH formation reaches 1.48 eV, indicating sluggish reaction
kinetics and limited catalytic activity. In contrast, introducing
Se-vacancy on CuSe surface (Se"*° | CuSe(001)) significantly
reduces the energy barrier to 1.16 eV, demonstrating improved
catalytic performance. Further enhancement is observed when a
Cu nanoparticle is embedded into CuSe (Se® | Cu/CuSe),
where the energy barrier is reduced to 0.89 eV. Notably, the
most striking improvement is observed at the Cu nanoparticle
edge site (Cu®®€® | Cu/CusSe), which exhibits the lowest *COOH
formation barrier of just 0.72 eV—a ~50% reduction compared
to Cu(111), facilitating a highly efficient reaction pathway.

These findings underscore the pivotal role of Cu NP edge sites
and their interaction with the CuSe support in enhancing
catalytic performance for CO, reduction. The embedding of Cu
NPs creates an interface structure that stabilizes intermediates,
lowers energy barriers, and facilitates charge transfer, ulti-
mately improving both activity and efficiency of CO, reduc-
tion. In addition to optimizing CO,RR, this study provides a
generalized strategy for designing advanced catalysts. The
principles demonstrated here can be extended to other metal-
chalcogenide systems, where structural modifications, such as

embedding nanoparticles or tuning interface properties, can
further enhance catalytic performance for various reactions.

3 | Conclusion

In summary, we have demonstrated a photochemical-
photothermal synergistic catalyst in the form of nested Cu/CuSe
heterostructure for efficient CO, photoreduction. The Se vacancies
and in-plate metallic Cu clusters within CuSe nanosheets extends
photothermal conversion beyond the intrinsic plasmonic wave-
length of CuSe and establishes robust catalytically active sites. Our
study reveals the key contributions of in-plane metallic Cu clusters
in promoting CO, adsorption and lowering the activation energy of
the rate-determining step in the succedent conversion pathway.
Simultaneously, Se vacancies introduce new gap states that
broaden IR-light absorption. Accordingly, these synergistic effects
resultin a threefold improvement in CO production rate under full-
spectrum solar irradiation. This work pioneers a feasible way to
expand light-response with intact plasmonic effect in the IR region
of plasmonic semiconductor to facilitate photocatalytic reactions
toward effective solar harvesting and utilization.
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